O ver the past 100 years, humanity has experienced considerable climatic, economic and political shocks to the food system [1] [2] [3] [4] [5] [6] [7] [8] . These shocks have been associated with regional food shortages 5, 9, 10 , price spikes 3, 11 and food insecurity 1, 4, 12, 13 . In recent years, scientists, governments and the insurance industry have joined forces in an attempt to identify the future risk posed by food system shocks 4, 14 . A key concern is that if co-occurring shocks were to hit multiple breadbaskets in the future, it would lead to large losses in food production and, in some cases, to civil unrest 4, 14, 15 . Notwithstanding the interest in this area, and the recent work to identify the global impacts of isolated extreme weather disasters on crop production 2 and conflict [15] [16] [17] , it is currently unknown if the food system has actually tended towards synchronized failure in recent history. A better understanding of the historical stability of food production might help to better anticipate the expected losses under synchronized failure in the future and to devise strategies to mitigate potential losses.
We present an analysis of the stability of global production for four major commodities (maize, rice, soybean and wheat, making up ~60% of global production) from 1961 to 2008. We identify locations that have historically reduced or increased the interannual variation in production at the global level, and perform diagnostics to assess if the food system has shown signs of increasing synchrony or instability in production in recent decades. We then use the empirical variation in historical production trends, which contains information on the impact of many different production shocks, including, but not limited to, natural disasters and systemic economic breakdowns, to estimate the maximum observed interannual deficits in global crop production and the expected inflation of these global deficits under synchronized production failure. Finally, we explore the potential impact of four mitigation strategies-closing production gaps, raising production ceilings, global adoption of more resilient cropping systems and focused efforts to adopting resilient cropping systems in the world's major breadbaskets-on offsetting the expected losses under an empirically grounded case of synchronized failure.
Results and discussion

Mapping local contributions to global variance in production.
Local contributions to the interannual variance in global crop production (σ G 2 ) from 1961 to 2008 are shown in Fig. 1 . Not surprisingly, some of the major breadbaskets contain locations that have historically made annual crop production more variable (that is, an increase in σ G 2 ), with a linear mapping of mean production and variance contributions for highly productive locations of soybean and maize in particular ( Supplementary Fig. 4 ). For example, some locations in Midwest United States increase the variance in global maize production, with the worst 100 km × 100 km grid cells accounting for 3.1% of the variation in global maize production and up to 2.3% for soybean between 1961 and 2008. We also see individual locations in northern India accounting for as much as 2.6% of the interannual variation in global rice production. We identified that spatial compensation also occurred over the same period, albeit with smaller effects and more restricted extents. For example, locations in South America and India have played important roles in reducing interannual variation in global soybean production by as much as 0.6%. Although locations in eastern Europe do show evidence of increasing the variation in wheat trends by up to ~1%, as might be expected from the importance of this breadbasket, our analysis clearly shows that the global variation of wheat production depends less on specific locations, countries or regions than on any of the other three major crop commodities (Fig. 1a-h ). These results may reflect the more ubiquitous nature of wheat production relative to other crops such as maize or soybean ( Supplementary  Fig. 1 ) and provide additional insights to previous work scaling patterns of yield instability using national statistics 18, 19 .
Observed patterns of production synchrony between 1961 and 2008. Identifying the influence of individual growing locations on the variance of global crop production is useful for spatial prioritization of efforts to increase the resilience of the food system. However, it does not indicate if crop production has become more synchronized or more unstable over time. To address this, we draw on a recently developed ecological theory 20, 21 to compute three diagnostic metrics of global food system stability over six distinct eightyear time windows between 1961 and 2008. These three metrics are global instability (
), where σ G and σ L are the global and local standard deviations (see Methods) in production, σ L 2 is equal to the Multiple breadbasket failure is a risk to global food security. However, there are no global analyses that have quantitatively assessed if global crop production has actually tended towards synchronized failure historically. We show that synchronization in production within major commodities such as maize and soybean has declined in recent decades, leading to increased global stability in production of these crops. In contrast, synchrony between crops has peaked, making global calorie production more unstable. Under the hypothetical event of complete synchronized failure we estimate simultaneous global production losses for rice, wheat, soybean and maize to lie between −17% and −34%. We find that offsetting these losses by reducing variation in production across all growing locations, and raising production ceilings in breadbaskets, are far more effective than strategies focused on reducing variability in breadbaskets alone or closing production gaps in low productive locations. Our findings suggest that maintaining asynchrony in the food system requires a central place in discussions of future food demand under mean climate change, population growth and consumption trends.
global variance of production under complete synchronization of local production trends and μ G is the mean global production. To maintain an informative picture of the relative severity of losses over the time windows, we compute the numerators of CV G and CV L using time detrended production data, and μ G using observed non-detrended time series. These three quantities are related such that
, with ϕ acting as a scaling factor that links local stability to the global scale 21 . Global instability has shown different trajectories for each of the four major commodities between 1961 and 2008 (Fig. 2) . For example, a massive increase in maize global instability occurred pre-1984, but this has since been stabilizing. For soybean, global instability peaked between 1969 and 1976; this has also been stabilizing. Notably, patterns in local instability did not consistently match global instability across crop types (Fig. 2a,b) . For example, inflections in local instability matched global instability for maize and, to some degree, for soybean, but this local to global scale matching did not occur for wheat and rice (Fig. 2a,b (Fig. 2c) .
Notably, synchrony in local production matched global instability and was closely associated with the maximum production deficit in maize (−20% deviation from the mean trend in 1983) and soybean (−14% deficit in 1976) (Fig. 2a,c) . The maximum interannual deficit of rice (−8% loss in 2002) was also associated with the upsurge in synchrony between rice-growing regions between 2001 and 2008. Although maximum losses of −7% in 2003 for wheat were more dependent on increases in local instability than synchrony per se, reductions in synchrony buffered local destabilization of global wheat production from 1977 to 1984 (Fig. 2a-c) .
Taken together, these results indicate that the degree of synchrony between crop-growing locations has played an important role in regulating the stability and variation in global crop production from 1961 to 2008. For example, decreased synchronization in local production for maize and soybean has helped stabilize global production trends of these crops; whereas increases in synchronization, where they have occurred, have historically led to notable destabilizing effects on global crop production, as demonstrated by the spike in maize losses in 1983 and rice in 2002, and by the rise in global instability for soybean (1961 and 1968) and rice (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) , despite declines in local instability. Such examples show the importance of synchrony for better anticipating global losses.
Historical synchrony between crops. We also assessed if crop diversity has helped stabilize the supply of calories, as would be expected from ecological experiments and theory 22 . Although our analysis was restricted to the four crops, we did not find evidence that crops consistently compensated each other ( Supplementary Fig. 6 ). Despite crop calorie instability (that is, CV L calculated using the global sums of each crops' calorie production) flat-lining between 1961 and 1976, or even declining between 1984 and 1992, total calorie instability (that is, CV G calculated using the global sum of total calorie production) increased during both periods due to increased synchrony in calorie production between crops. We also found evidence that synchrony in global crop calorie production peaked in more recent decades ( Supplementary Fig. 6 ). This, in conjunction with the recent increased importance of these key crops in people's diets, adds to earlier concerns about the resilience of supply of calories for human consumption 23 .
Losses under synchronized crop failure. Using the historical data, we constructed a scenario of complete synchronization of all four crops and compared expected losses under this setting to the losses witnessed in the observed records. We set up our thought experiment to occur in 2008, the final year of the data set (where impact of losses would be closest to the present day due to increasing overall production for all commodities). To estimate the baseline losses, we identified the number of standard deviations that the maximum negative residual from the mean time trend fell between 1961 and 2008 (about −1.7σ for soybean, −2.9σ for maize, −3.6σ for rice and −2.2σ for wheat). We then inflated these losses under the synchronized case by estimating the standard deviation of production under synchrony. The baseline losses were −10.6% for maize, −4.1% for soybean, −7.1% for wheat and −7.4% for rice. Under complete synchrony, the maximum deficits increased by a factor of three, reaching −34.2% for maize, −17.4% for soybean, −32.6% for wheat and −25.2% for rice.
Performance of mitigation strategies. There are two types of strategies that could be used to offset the deficits during a completely synchronized failure event: mean-increasing strategies and variance-reducing strategies. Both types of strategies are grounded in realistic interventions. For example, variance-reducing strategies include adapting climate-smart cropping systems 24, 25 , using ecological engineering, or developing technological infrastructure to resist environmental stressors 26 . We considered two generalized variancereducing strategies: 'Global variance reduction' , (that is, increasing local stability worldwide), and 'Breadbasket variance reduction' , (that is, increasing the stability of breadbaskets by focussing on the 9 6 8 1 9 6 9 -1 9 7 6 1 9 7 7 -1 9 8 4 1 9 8 5 -1 9 9 2 1 9 9 3 -2 0 0 0 2 0 0 1 -2 0 0 8 1 9 6 1 -1 9 6 8 1 9 6 9 -1 9 7 6 1 9 7 7 -1 9 8 4 1 9 8 5 -1 9 9 2 1 9 9 3 -2 0 0 0 2 0 0 1 -2 0 0 8 1 9 6 1 -1 9 6 8 1 9 6 9 -1 9 7 6 1 9 7 7 -1 9 8 4 1 9 8 5 -1 9 9 2 1 9 9 3 -2 0 80-100th percentile of producers). Mean-increasing strategies, on the other hand, can be achieved through expansion of agricultural land, yield gap closure 27 or yield ceiling raising 28 . We considered two mean-increasing strategies: 'Closing production gaps' (focussing on the 0-50th percentile of producers) and 'Raising production ceilings' (focussing on the 80-100th percentile of producers). We assessed the ability of each strategy to bring losses under synchrony back to the baseline.
We note that although some crops have been shown to exhibit positive mean-variance relationships for yield 19 and that similar scaling relationships appear to be a null expectation for sampling from right-skewed distributions in general 29 , success has been achieved in breeding crops for yield increases without a loss of yield stability 30 . Furthermore, there are many management factors (for example, pollination dependence and external input dependence) that mediate the magnitude of this scaling 31 . Our thought experiment separates out mean-increasing versus variance-reducing strategies because, hypothetically and from a management perspective, they can be tackled in isolation; however, we do not suggest that, in reality, they are easily decoupled.
We find that the most effective strategies (that is, those that require the least change to reach the baseline) are increasing local stability worldwide and raising production ceilings. Meanincreasing strategies only seem to work well when applied to the most productive locations, and less well when applied to the least productive locations (Table 1) . On the other hand, variance-reducing strategies only seem to work well when distributed across the whole planet, performing less well when applied only to breadbaskets. This is insightful because it implies that actions to stabilize breadbaskets will require massive implementation if they are able to mitigate losses under complete synchrony.
Climate synchrony in croplands. Previous analyses have shown that up to one-third of the local variance in yields for the crops analysed could be explained by variation in temperature and precipitation 32 , and that shifts in yield variability can be partly attributed to climate change 33 . Although outside the scope of our current analysis to identify specific causal drivers of crop production synchrony, we did assess whether synchrony in climate showed similar patterns to that of production. We found that synchrony in growing season temperature showed almost cyclical behaviour across all crop types ( Supplementary Fig. 7 ), whereas synchrony in production did not show such behaviour. Patterns in precipitation were largely idiosyncratic, but the global synchrony in rice production did show some indications of tracking the inflections in synchrony in growing season precipitation in rice-growing locations (Supplementary Fig. 8 ). Taken together, this may be indicative of the heterogeneous spatial responses of crop production to climate in general 32 and more consistent responses of rice to precipitation. However, we note a high degree of uncertainty in estimation of linear and monotonic relationships between climate and production synchrony ( Supplementary  Fig. 9 ), and more work is required to fully understand the role of climate and, indeed, other biophysical or social drivers of the patterns in production synchrony identified here.
Key messages and future work. There are four main take-home messages from this analysis. First, historical records show that for major commodities, such as maize and soybean, global crop production systems have not tended towards more synchronized failure; however, synchrony in calorie production has peaked in more recent decades. Second, the discussion of meeting global future food demand has, to date, been predominantly centred on mean production trends [34] [35] [36] , with little or no attention to the interannual variance in production. Our analysis suggests that the losses under a complete synchronization could be anything from -17 to -34% of annual production for all major commodities, which is roughly one-quarter to one-half of the extra quantities of these crops required to meet projected population increase and consumption demand by 2050 35, 37 . Third, our results indicate that for mitigation of synchronized failure events, variance-reducing strategies may need to be widely implemented to be successful, and that mean-increasing strategies, such as yield gap closure, will not be as effective as raising yield ceilings. Thus, multiple spatially targeted strategies should be considered together. Most importantly, as many cropping systems may exhibit positive mean-variance relationships, the best innovation will be to develop mean-increasing strategies that do not inherently raise variances. Fourth, if we are going to use increased production in good years to deal with losses in the worst years, we need an effective means to store food. As food demand increases, the requirements for stocks will increase, even if complete synchrony is not reached 7 . The infrastructure development needed to ensure the future resilience of the global food system needs to be addressed.
Our analysis provides an important starting point to begin to quantify the historical occurrence of synchronized crop failure and to assess the practical importance of alternative strategies for a more resilient food system in the future. We see four immediate next steps from this work. First, our results indicate that we need a better understanding of how to engineer or maintain asynchrony in the food system. There are locations in the world that are stabilizing global food production, and there is also evidence that the food system has become less synchronized over time for some crops. Why this happens and how much leverage humanity can have on this aspect of the food system is important to understand. Improved analysis of links between climate drivers and other potential social or political drivers, such as market distortions, trade, land reform, farm sizes, distributions and numbers, are needed. Second, although we addressed crops that make up the vast majority of calorie production on the planet, we only looked at four major crop commodities. The development and availability of global time series data for other commodities would enable similar analysis for other important crops not included here, and to explore the crop diversity-production stability relationship more extensively. Third, we only considered crop production and calories in this work, and expanding our analysis to the stability of different components of nutrition (for example, protein, fats, micronutrients) or to the stability of food prices will be an essential next step to better understand the human dimension of resilience in the food system for the future (for example, refs. 38, 39 ). Finally, extending this analysis to explore potential non-linear impacts of production losses in food production on famine or the collapse of the food system as a whole is important, and further analysis might benefit from incorporating risk frameworks from financial market analysis 40 . Extending our work and investigating these avenues of research offers opportunities to help develop strategies towards a more resilient, safe and food-secure future.
Methods
Data sets. We used globally representative census data on the area and yield of four major commodity crops (rice, maize, wheat, soybean) for the years 1961-2008. We computed production (as the product of area × yield) for each producing grid cell in the world and reprojected the data to equal area 100 km × 100 km grid cells. Full details of the creation of the original gridded 0.083 degree data products are given in earlier publications 32, 41 . We extracted growing season temperature and precipitation data for each crop using crop spatial masks and crop calendars built from earlier publications 42, 43 and the University of Delaware Monthly Mean Air Temperature and Total Precipitation Data (v.4.10) 44 . We reprojected and scaled these data to match production data.
Maps.
To create the maps of the local contributions to global variance in production, we computed the following index for each focal grid cell on the planet for each crop:
)) × 100, where σ G 2 is the global variance and σ
is the global variance when a given grid cell z is removed from the total number of producing grid cells n. We computed this index independently for each of the four crops prior to mapping. In all cases we time-detrended the global production time series to ensure the contributions reflected year-to-year variation (which would otherwise be swamped by technology-led increases in production between 1961 and 2008), extracting e i from a local regression (loess):
, where y i is the production for year i, t i is the year, f() is a smooth function and e is the residual error. We used loess regression because linear models exhibited graphically poor fits for the production time series, and we also set the smoothing parameter to 0.75 because extending the window size led to large discrepancies between observed and predicted values, particularly in cases of rapidly increasing production trends ( Supplementary Fig. 2) . respectively. Using these estimates, we define the global instability and local instability in crop production as the global and local coefficients of variance in production for each of the crops at each time window in the analysis:
, respectively, where μ G is the non-time-detrended mean of global production.
Note that this formulation (with non-time-detrended production data for the mean and time-detrended data for the standard deviation) overcomes the influence of non-stationarity in the mean on interannual variance (due to technology change), but ensures that an informative picture of the relative severity of losses is maintained (for example, a −50% deviation from the mean in 1961 is much smaller in absolute terms than a −50% deviation in 2008).
Finally, we computed the third diagnostic metric, synchrony:
where ϕ is the synchrony between all the producing grid cells in the world for a given crop. The denominator of this ratio,
, is equal to σ G 2 when all elements of the correlation matrix of producing grid cells (P) have correlation of ρ = 1. This index is bounded by 1, complete synchrony and approaches 0 when all the elements of P tend to −1/(n − 1), where n is the number of producing grid cells, to give complete asynchrony. This metric is useful because it shows how close we have been globally to the case of complete synchronous production dynamics between 1961 and 2008.
Global instability (CV G ), local instability (CV L ) and synchrony (ϕ) are related such that:
, with ϕ acting as a scaling factor that links stability at the local scale to the global scale 21 .
Climate synchrony in global croplands. To explore patterns in climate synchrony in croplands, we re-ran the analysis outlined above, but for growing season precipitation and temperature for each of the crops. We also used this graphical analysis to inspect if temporal dynamics in synchrony in production showed consistent patterns to those for climate, and we performed correlations on the time series to test for linear and monotonic relationships.
Historical synchrony between crops. To estimate crop synchrony, we computed the calorific content of each crop acording to ref. 45 . We then calculated the calorie production to obtain a global time series for each crop and used this to compute total calorie instability (that is, CV G computed on the global sum of total calorie production), crop calorie instability (that is, CV L computed on the global sums of each crops' calorie production) and synchrony of calorie production between crops (ϕ) (see Supplementary Information for details). For ease of interpretation of compensatory responses, we also estimated the synchrony under complete independence of crop calorie production, using the fact that when production trends are completely uncorrelated, synchrony is equal to
where n is equal to the total number of crops (n = 4), and
Mitigation strategies. Using the historical data, we constructed a scenario with complete synchronization of production trends for each of the four crops and compared expected losses under this setting to the losses expected under the observed baseline trends. We set up our thought experiment to occur in the final year of the data set. To estimate the baseline losses, we used the number of standard deviations that the maximum losses fell to between 1961 and 2008 (−1.7σ for soybean, −2.9σ for maize, −3.6σ for rice and −2.2σ for wheat) to estimate the maximum observed interannual deficits in crop production. We then estimated the losses under complete synchrony.
Given these two scenarios, we worked out the degree to which we would need to apply four mitigation solutions to bring the synchronized losses back to the baseline. We split these mitigation strategies into variance-reducing strategies and mean-increasing strategies. Both strategies work to reduce the expected minima of global production, but they work in different ways. Variance-reducing strategies work by making the system more stable overall; whereas mean-increasing strategies work to reduce the size of the deficit when expressed as the percentage deviation from mean annual production trends.
Both strategies are grounded in potentially realistic interventions. For example, variance-reducing strategies can be implemented by diversifying genotypes, by adapting climate-smart cropping systems, by using ecological engineering, or by developing technological infrastructure to resist environmental stressors. Mean-increasing strategies can be achieved through expansion of agricultural land or, more acceptable for biodiversity loss, through increasing yield ceilings and decreasing yield gaps. The details of the set-up and four strategies run in this thought experiment are shown below:
• The baseline loss (B) is defined as • Loss under complete synchrony (S) is similarly defined as
The numerator of this equation multiplies the maximum loss in units of σ G by the global standard deviation of production under synchrony, to obtain a maximum negative deviation from the mean under the complete synchronization of local production trends.
• The factor increase in stability across all producing locations worldwide that would be needed to bring production losses back to baseline loss is equal to
• The factor increase in stability across breadbaskets that would be needed to bring production losses back to baseline loss is equal to
, where B 2
. In these formulas, c indicates the percentile of total local production around which the production cells in the data is partitioned to compute σ L . For this thought experiment we split the data around the 80th percentile to work out the factor reduction in variance within highly productive areas needed to counter the complete increase in synchrony worldwide. Only for a given value of c under conditions where B > S 2 will actions in these breadbaskets be able to completely mitigate losses due to synchrony.
• The factor increase in raising production ceilings is equal to
represents the global mean production in the final year of the data for the subset of the data partitioned around c. For this scenario we set c equal to 80, which answers the question about how much of a production increase in the most productive locations on the planet would be needed to offset the losses.
• The factor increase in closing production gaps is equal to
For this scenario, we set c equal to 50 to answer the question about how much of a production increase in in the least productive locations on the planet would be needed to offset the losses.
Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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